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ABSTRACT
Background. Obesity affects over one-third of the US population, and is a risk factor for various
chronic conditions, including type 2 diabetes, heart disease, and stroke. The disease results from
a combination of behavioral and environmental risk factors and genetic predisposition. To date,
over 50 genetic polymorphisms have been associated with increased body mass index (BMI), but
these associations explain only a small percentage of the heritable risk of obesity. Moreover, the
majority of these associations have been identified in populations of European ancestry. We
sought to identify novel associations with BMI and to evaluate their generalizability across
ethnic groups, using subjects from the Multi-ethnic Study of Atherosclerosis (MESA).
Methods. Ethnic-specific genome-wide association analyses were conducted to identify single
nucleotide polymorphisms (SNPs) associated with BMI among 1,257 Hispanic, 705 Asian, 1,551
African American, and 2,416 Caucasian MESA participants. We compared and contrasted
findings across ethnic groups, and accounted for potential differences in linkage disequilibrium
patterns by examining the ± 500kb flanking regions of the top SNPs in all four ethnic groups.
Results. We identified one genome-wide significant association with BMI in Hispanic subjects:
rs12253976 near KLF6 (p=6.88x10-09). The top SNPs in each of the other ethnic groups—
rs9961691 near GATA6 in Asians (p=1.53x10-06), rs7092615 near LYZL2 in African Americans
(p=2.26x10-07), and rs6866721 near SEMA6A in Caucasians (p=9.23x10-08)—may also be of
interest. Each of these SNPs showed no evidence of an association with BMI in the other ethnic
groups.
Conclusion. We present one of the first GWAS to examine BMI-associated variants across
ethnic groups in the same study. The existence of ethnic-specific associations with BMI
highlights the need for future investigations in larger multiethnic cohorts. Discovery of further
ethnic-specific BMI-associated loci may contribute to personalized obesity interventions.
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Introduction.
Obesity is one of the most pressing health problems in the United States (U.S.). It affects
over 35.7% of adults [1] and 16.9% of children [2], placing them at higher risk of metabolic
syndrome, type 2 diabetes, cardiovascular disease, and other chronic conditions [3, 4]. Obesityrelated co-morbidities place a huge financial burden on the healthcare system and consequently
on the U.S. economy: in 2010, the medical costs of treating people for overweight and obesity
were estimated to be $72 billion and $198 billion, respectively [5]. Understanding the etiology
of obesity and developing interventions to prevent obesity-related co-morbidities are therefore
important public health concerns.
The etiology of obesity involves multiple interactions among behavioral, environmental,
and genetic factors [6]. Though the current obesity epidemic is commonly attributed to lifestyle
and environmental changes[7], it is also recognized that individuals respond differently to
obesogenic environments and that those differences are driven by genetic variation. In fact,
family and twin studies have shown that genetic factors explain 40-70% of the variation in
common obesity [8, 9].
In the last few years, genome-wide association studies (GWAS) have increased our
understanding of the heritable risk of obesity by identifying approximately 50 obesitysusceptibility loci [10]. However, further investigations are warranted for several reasons. First,
the known obesity loci with the largest effect sizes—variants in the FTO and MC4R genes—only
account for an estimated 2% of the variation in body mass index (BMI) [11]. Second, the
majority of GWAS conducted to date have primarily focused on populations of European
ancestry [12]. While GWAS of Asian populations have begun to emerge, African Americans
and Hispanics continue to be underrepresented in these studies, and it is precisely these
populations who are disproportionately affected by overweight and obesity in the U.S [1, 13].
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Finally, most obesity GWAS investigations have focused on one ethnic group in isolation and
infrequently attempt to compare and contrast findings across ethnic groups.
In order to gauge the clinical and public health implications of obesity-associated
variants, it is not sufficient to simply replicate findings in other Caucasian populations; we need
to evaluate whether these associations are generalizable to individuals of other ethnicities [14].
In addition, GWAS in multiethnic populations may reveal additional loci that are not readily
detectable in Caucasians due to allele frequency and haplotype structure differences [15]. For
these reasons, in the present study, we examined genetic associations with BMI—a correlate of
obesity [16]—in the Multi-ethnic Study of Atherosclerosis (MESA), which includes individuals
of four ethnic groups: Hispanic, Asian, African American, and Caucasian. We compared and
contrasted findings across ethnic groups and evaluated whether variants in the FTO gene are
associated with BMI to a similar extent across ethnic groups.

Methods.
Study population
The MESA study is a multicenter, prospective cohort study of the characteristics of
subclinical cardiovascular disease and the risk factors that predict progression to clinically overt
cardiovascular disease or progression of the subclinical disease. Recruitment has been described
in detail elsewhere [17]. Briefly, 6,814 men and women aged 45 to 84 years were recruited from
six U.S. field centers from July 2000 to July 2002. The study collected self-identified
racial/ethnic group data via a standard questionnaire. Each field center recruited an equal
number of men and women from 2 or more ethnic groups, and there were overlapping ethnic
groups among field centers to minimize confounding of race/ethnicity by site [17]. Genotype
information was available for 6,361 of the participants: 1,449 Hispanics, 775 Asians, 1,611
African Americans, and 2,526 Caucasians.
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For the present study, the MESA population was divided into four ethnic-specific
samples consisting of individuals with both phenotype and genotype information available.
Genotype and phenotype information were acquired from the National Center for Biotechnology
Information's database of Genotypes and Phenotypes (NCBI dbGaP study accession:
phs000209.v7.p2 MESA SNP Health Association Resource (SHARe)). To be included in the
GWAS analyses, individuals had to meet our quality control thresholds (described below) and
had to have complete data for all ethnic-specific regression model covariates.

Genotyping
Details of sample preparation and genotyping have been reported previously [17].
Briefly, DNA was extracted from blood sample buffy coat, and genotyping was conducted by
Affymetrix Research Services Lab using the Affymetrix 6.0 SNP array. Samples were required
to have a call rate of at least 95%.

Phenotypic Data
All measurements used in this study were obtained at the first MESA study visit.
The primary outcome was BMI (kg/m2), calculated from objective height and weight
measurements collected by trained staff at the six field centers. All genotyped participants of
each ethnic group had BMI information from this baseline visit.
Information regarding demographic and lifestyle characteristics and medical history was
obtained through standardized questionnaires administered at baseline. Physical activity levels
were also assessed at baseline using the MESA Typical Week Physical Activity Survey, adapted
from the Cross-Cultural Activity Participation Study [18] to determine the time and frequency
spent in various physical activities during a typical week in the past month. The following
variables were examined in our study due to their previously reported associations with BMI:
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sex; age at baseline interview (years); education (categorical: highest level of schooling
completed, grouped into 9 categories ranging from no schooling to graduate and professional
schooling) [19]; income (categorical: total gross income earned by all family members, grouped
into 13 categories ranging from < $5,000 to more than $100,000) [20]; smoking (categorical:
never, former, current smokers) [21]; arthritis (yes/no) [22]; diabetes (yes/no) [23]; and moderate
and vigorous physical activity (continuous: met-min/week) [24].

Ethnic specific linear regression models
Ethnic-specific bivariate associations between BMI and age, sex, education, income,
smoking, arthritis, diabetes, and moderate and vigorous physical activity were examined in SAS
9.3 (SAS Institute, Cary NC). Ethnic-specific multivariate linear regression models were then
built, and the most parsimonious models were selected using a backwards selection method,
eliminating covariates with p-values greater than 0.05 until the model adjusted-R2 values were
maximized. Age and sex were retained in the reduced models regardless of the statistical
significance of their associations with BMI. Individuals with missing values for any covariate
included in the final ethnic-specific models were removed from the analysis (n=15 Hispanics,
n=18 Asians, n=29 African Americans, and n=92 Caucasians).
For these analyses, the 9 education categories were collapsed into three: (1) < 12 years of
schooling, (2) 12-15 years of schooling (high school graduates and some college), and (3) > 16
years of schooling (college graduates and professional/graduate school graduates). Income was
examined as a binary predictor, collapsing the 13 categories into two: high and low income. For
this purpose, median household income was averaged over the 2000-2002 recruitment period
($41,448). Income categories $40-49,000 and above were defined as high income. Moderate
and vigorous physical activity was examined as a categorical predictor since its distribution was
strongly right-skewed, with possible outliers, and an F-test suggested that its association with
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BMI is not linear (p<0.05). Additionally, a Kruskal-Wallis test revealed that the distribution of
moderate and vigorous physical activity differed significantly across the four ethnic-groups
(p<0.0001), so ethnic-specific cut points were chosen to divide participants into quartiles.
Quartiles for moderate and vigorous physical activity were: 0 to 1665, 1666 to 4072.5, 4073 to
8280, and 8281 to 45060 met-min/week for Hispanics; 0 to 1305, 1306 to 2580, 2581 to 4770,
and 4771 to 30240 met-min/week for Asians; 0 to 2115, 2116 to 4560, 4561 to 8625, and 8626 to
103320 met-min/week for African Americans; and 0 to 2280, 2281 to 4207.5, 4208 to 7220, and
7221 to 56550 met-min/week for Caucasians.

SNP Analysis
Ethnic-specific genome-wide SNP analyses were performed using the PLINK software
package (http://pngu.mgh.harvard.edu/purcell/plink/ [25]) . A total of 909,622 SNPs were
genotyped in individuals of each ethnic group. SNPs were excluded based on low call rate
(<98%), low minor allele frequency (MAF <0.01), and significant deviation from HardyWeinberg equilibrium (p-value ≤ 5.5x10-8).
Genetic quality control procedures included assessments for cryptic relatedness and
population stratification. Cryptic relatedness between subjects in each ethnic group was
examined by pair-wise identity-by-descent (IBD) estimation in PLINK. Pairs showing
(estimated proportion of genomic variation shared IBD) > 0.2 were inspected. One subject from
each family was included, and 52 Asians, 177 Hispanics, 31 African Americans, and 18
Caucasians were excluded from downstream SNP analyses. Population stratification was
assessed by performing principal components analyses using EIGENSTRAT version 3.0
(http://genepath.med.harvard.edu/~reich/Software.htm).
Linear regression analyses were performed within PLINK to test the association between
individual SNPs and BMI, with initial adjustment for the top two principal components (PCs)
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identified from the EIGENSTRAT analyses, additional adjustment for age and sex, and complete
adjustment for all ethnic-specific model covariates. Bonferroni-corrected genome-wide
significance thresholds were applied to each ethnic group to maintain an overall study α of 0.05.
Because the Bonferroni correction is conservative, only tested markers were included in the
calculation of the corrected significance thresholds. Therefore the significance thresholds used
were: 5.86x10-8 (0.05/853,278) for Hispanics; 7.31x10-8 (0.05/683,998) for Asians; 5.73x10-8
(0.05/871,948) for African Americans; and 6.67x10-8 (0.05/749,659) for Caucasians.
After identifying the top SNP candidates (p < 5.5 x10-6) in each ethnic group, we
evaluated the generalizability of these associations to other ethnic groups. To account for
potential differences in linkage disequilibrium (LD) patterns across ethnic groups, we examined
the ± 500kb flanking regions of each of the top SNPs in all four ethnic groups.

Results.
Our study included 1,257 Hispanics, 705 Asians, 1,551 African Americans, and 2,416
Caucasian subjects. The demographic, behavioral, and clinical characteristics of these MESA
participants according to race/ethnicity are displayed in Table 1. African Americans had higher
BMI (mean 30.13kg/m2 ± 5.86) than Hispanics (mean 29.29kg/m2 ± 5.10), Caucasians (mean
27.74kg/m2 ± 5.07), and Asians (mean 24.03 kg/m2 ± 3.30). African Americans also reported
greater physical activity and were more likely to have arthritis than participants of all other
ethnic groups. Caucasians were the most likely to have ever smoked cigarettes. Hispanics were
the most likely to have low income, not to have graduated high school, and to report having
diabetes.
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Ethnic-specific regression models
The unadjusted associations between BMI and participant demographic, behavioral, and
clinical risk factors are summarized in Table 2. Arthritis and diabetes were positively associated
with BMI across all ethnic groups. Education and income were significant predictors of BMI
only in Caucasians, where the mean BMI difference between participants who completed higher
education and those who did not finish high school was -1.569kg/m2 (p=0.001), and the mean
BMI difference between low and high income participants was 0.712 kg/m2 (p=0.001). Physical
activity was associated with BMI in Caucasians, with a mean difference in BMI of -0.952 kg/m2
(p=0.001) between those in the highest and lowest quartile. Smoking was only a significant
predictor of BMI in African Americans, and the mean BMI difference between “ever” and
“never” smokers was -0.641 kg/m2 (p=0.0320). After adjustment for the independent effects of
these factors in multivariate models, the effect of smoking became significant in Hispanics and
Caucasians, and the overall effect of education became significant in Asians and African
Americans. The final ethnic specific models are displayed in Table 3.

Population stratification
EIGENSTRAT analyses found only minor evidence of population stratification in
Hispanics, Asians, African Americans, and Caucasians. PC 1 and PC 2 explained the majority of
the variation in allelic frequencies within each of these populations and were adjusted for in
linear regression models. As shown in Figure 1, across the four ethnic groups, the observed pvalues did not deviate significantly from the expected p-values under the null hypothesis.
Adjustment for population stratification did not greatly influence the magnitude of our observed
p-values.

SNP Analysis
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Following SNP quality control (Table 4), there were 683,998 SNPs in Asians, 853,278 in
Hispanics, 871,948 in African Americans, and 749,659 in Caucasians. The top SNPs (p < 5.5
x10-6) in each ethnic group are displayed in Table 5. Following linear regression analyses
adjusted for all the covariates and assuming an additive mode of inheritance, the most significant
SNP in Hispanic subjects was rs12253976 near KLF6 (beta=5.542 kg/m2 per allele, 95% CI:
3.680 to 7.404; p=6.88x10-9). This SNP was the only variant in the ethnic-specific analyses that
reached genome-wide significance after Bonferroni adjustment for multiple comparisons. In
Asian subjects, the most significant SNP was rs9961691 near GATA6 (beta= -0.994 kg/m2 per
allele, 95% CI: -1.396 to -0.592; p=1.53x10-6). In African Americans, the most significant SNP
was rs7092615 near LYZL2 (beta = 1.077 kg/m2 per allele, 95% CI: 0.671 to 1.483; p=2.41x10-7).
In Caucasians, the most significant SNP was rs6866721 near SEMA6A (beta=0.764 kg/m2 per
allele, 95% CI: 0.484 to 1.043; p=9.23x10-8). As shown in Table 6, the strength of the
associations and estimated per-allele effect sizes for rs12253976 in Hispanic subjects and
rs9961691 in Asian subjects were relatively consistent across the unadjusted, minimally
adjusted, and fully adjusted models. For rs7092615 in African Americans and rs6866721 in
Caucasians, the associations were strengthened after adjustment for age and sex and complete
adjustment for ethnic-specific model covariates.
Regional plots visualizing association results for the top SNP in each ethnic group and
their respective ± 500 kb flanking region SNPs are shown in Figures 2-5. The chromosome 5
region of Caucasian subjects contains a set of SNPs with low p-values (<10-5) and in strong
linkage disequilibrium (R2 > 0.8) with rs6866721. This region includes top SNP candidates
rs1672492, rs1672491, and rs7704264 (Table 5). A similar pattern of association can be seen in
the chromosome 18 region flanking rs9961691 in Asian subjects. In contrast, the chromosome
10 region flanking top SNP candidate rs7092615 in African Americans revealed only one other
variant (rs156710) with low p-value (<10-5) and in perfect LD with rs7092615 (R2 =1.0).
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Finally, the plot for top SNP candidate rs12253976 in Hispanics did not show evidence of
association for SNPs in the chromosome 10 region flanking rs12253976.

Ethnic-specificity of the associations
The associations between the top SNP candidates (Table 5) and BMI were generally
ethnic-specific. Two notable exceptions were rs12255372 (T/G) and rs7926805 (C/T).
rs12255372 was associated with lower BMI in both Hispanics and African Americans. The
association signal was stronger in Hispanics (p=2.25x10-6) than in African Americans, where it
was only nominally significant (p = 0.008), but the estimated per-allele effect sizes in each group
did not differ significantly (beta = -1.117, 95% CI: -1.578 to -0.657 in Hispanics and beta = 0.594, 95% CI: -1.035 to -0.162 in African Americans). rs7926805 was associated with lower
BMI in both Caucasians and African Americans. The association signal was stronger in
Caucasians (p = 2.35x10-6) than in African Americans, where it was only nominally significant
(p = 0.018), but the estimated effect sizes in each group did not differ significantly (beta= -0.766,
95% CI: -1.084 to -0.450 in Caucasians and beta = -0.477, 95% CI: -0.871 to -0.084 in African
Americans).

Association with FTO in Caucasians
The association between FTO SNP rs9939609 and BMI in our sample of MESA
Caucasians approached the nominal significance level of 0.05 (p=0.057 in linear regression
models adjusted for ethnic-specific model covariates). As shown in Table 7, this SNP did not
appear to have a significant effect on the BMI of the other ethnic groups. Our estimated perallele effect size of 0.279 kg/m2 (95% CI: -0.008 to 0.566) in Caucasians is within the range of
what has been reported for this SNP in previous studies of European populations [26]. In ad hoc
analyses (data not shown), we investigated whether the relatively low association signal was due
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to the older age of our participants (mean age in Caucasians = 62.54yrs ± 10.22), since a recent
meta-analysis [27] suggested that rs9939609 might have greater effects on body weight in
younger adults relative to older adults. However, we found no significant evidence of
heterogeneity of the associations between FTO and BMI in our Caucasian population across age
quartiles (p=0.660).

Discussion.
The most significant SNP associated with BMI in our study was rs12253976 (G/T),
identified in Hispanic subjects. rs12253976 is a rare SNP whose minor allele frequency (MAF)
has not yet been reported for Hispanic populations included in the HapMap project. dbSNP
reports a MAF of 2.2% for the global 1000 Genome phase I population, and the HapMap project
reports MAFs ranging from 7.3% to 11.9% in populations of African ancestry. HapMap also
reports that the SNP is monomorphic in a Han Chinese population (CHB) and in a Utah
population of Northern and Western European ancestry (CEU). This data corroborates what we
observed in the present study. In our MESA population, rs12253976 was most common in
African Americans (MAF = 6.7%), was extremely rare in Caucasians (MAF= 0.1%), and was
monomorphic in Asians. In Hispanics, the MAF was 1.1%, and the association between this
SNP and BMI was driven by only 28 heterozygous individuals with average BMI of 34.70 ± 7.59
kg/m2 (Table 8). On average, these heterozygotes were 5.54 BMI units heavier than those
homozygous for the ancestral “T” allele. Given the lack of data for rs12253976 in other
Hispanic populations, we cannot discard the possibility that some of these heterozygotes may be
a product of genotyping error.
Regional association plots in Hispanics did not show evidence of association for SNPs in
the ± 500kb flanking region of rs12253976 (Figure 2). While this may be indicative of a
spurious association with BMI, we cannot abandon the possibility that rs12253976 may be in
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weak linkage disequilibrium (LD) with nearby genetic markers. LD plots for this region in a
HapMap African American population (data not shown) support this hypothesis. However, we
cannot confirm whether a similar LD pattern exists in Hispanics, given the absence of data for
this SNP in the Hispanic HapMap population.
The closest gene to rs12253976 is KLF6. To our knowledge, no GWAS has previously
reported an association between SNPs in or near KLF6 and any obesity-related trait. However,
two family linkage studies have provided evidence for linkage of BMI to this region of
chromosome 10 (10p15.1). Chagnon et al. [28] found suggestive evidence (LOD Score = 2.32.7, p<0.001) of linkage to markers D10S1435 and D10S189 in 10p15.3 and 10p15.1,
respectively, using data from 522 Caucasian subjects (192 parents and 330 offspring from 99
families) in the HERITAGE Family Study cohort. Similarly, Lindsay et al. [29] reported
moderate linkage of BMI to marker D10S189 (LOD Score= 1.7) in a sample of 1,338 Pima
Indians (consisting of 332 nuclear families and 112 extended pedigrees). rs12253976 lies
between markers D10S1435 and D10S189.
KLF6 encodes a transcriptional regulator that contains zinc-finger motifs. KLF6 has
been shown to accelerate adipocyte differentiation by repressing the expression of adipogenesis
inhibitors [30]. In addition, it promotes the transcription of adipocyte differentiation regulators,
such as PPARγ [31]. PPARγ is considered the master regulator of adipogenesis [32], and the
PPARγ gene has been linked to the development of obesity in numerous studies [33, 34].
Therefore, there exists a biologically plausible explanation for the association between variants
near KLF6 and obesity-related traits. Nevertheless, we cannot rule out a spurious association.
Though we have employed rigorous QC procedures (see Methods), this is a secondary data
analysis, so we do not have the ability to re-genotype our subjects.
The second most significant association observed in our study was for rs6866721 (C/A),
identified in Caucasian subjects. rs6866721 is a relatively common variant, with a MAF of
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43.7% in our Caucasian population, which approximates what has been reported for the HapMap
population of European ancestry (CEU; MAF=38.9%). Regional association plots showed a
strong association signal for SNPs in the vicinity of rs6866721 (Figure 3), including SNPs
rs7704264, rs1672492, and rs1672491 (Table 5), which are in strong LD (R2 > 0.8) with
rs6866721. The association with rs6866721 was borderline significant at our strict Bonferroniadjusted threshold of 6.67x10-8 for Caucasians. Individuals carrying one copy of the minor “C”
allele were, on average, 0.764 BMI units heavier than those homozygous for the ancestral “A”
allele.
To our knowledge, no other GWAS has directly implicated rs6866721 in the
pathogenesis of obesity. However, the locus containing rs6866721 and its flanking SNPs
(5q23.1) has been linked to obesity-related traits in family studies. Chen et al. [35] found
suggestive linkage (LOD score 1.5-2.3, p= 0.0006-0.0043) of BMI between markers D5S1505
(5q23.1) and D5S1453 (5q21.1) in a study of 782 Caucasian siblings from 342 Louisiana
families. A weak linkage of 5q23.1 to BMI (LOD score = 1.5) was also reported in the NHLBI
Family Heart Study [36]. rs6866721 lies between markers D5S1453 and D5S1505.
The closest gene to rs6866721 is SEMA6A, which encodes a trans-membrane domain that
plays an important role in cellular signaling and axon guidance [37]. This gene has not been
implicated as a key player in the pathogenesis of obesity. However, downstream of rs6866721,
there are also multiple binding sites for nuclear factor (NF)-κB, a primary regulator of
inflammatory responses [38] whose activity regulates lypolysis in adipose tissue [39].
Downregulation of NF-κB lypolytic pathways has been associated with obesity in animal models
[40]. Given the compelling evidence for locus 5q23.1, we hypothesize that our strong
association signal for rs6866721 and its surrounding SNPs (Figure 3) might be due to variation
in one of these NF-κB regulatory regions. Future studies are needed to validate our finding for
rs6866721 and to further dissect locus 5q23.1 to identify a possible causal variant.
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We also observed an association between BMI and rs7092615 (T/C) in African
Americans. rs7092615 is a relatively common variant: a MAF of 37.5% in our African
American population approximates what HapMap reports for its population of African Ancestry
in the United States (ASW; MAF= 42.1%). Regional association plots revealed only one other
variant (rs1567101, see Table 5) associated with BMI in the region containing rs7092615
(Figure 4). rs1567101 is in perfect LD with rs7092615 (R2 =1.0), and LD plots for this region in
the HapMap ASW population revealed that no other SNPs are in moderate to strong LD with
these two SNPs (data not shown), providing supporting evidence for our findings.
The closest gene to rs7092615 is LYZL2, which encodes a lysozyme-like protein that
plays a role in the immune response. However, rs7092615 is not in LD with markers within this
gene. Therefore, genetic variation in LYZL2 is not likely to be responsible for the association
observed in this study. rs7092615 is also unlikely to be regulatory, since there are no predicted
transcription factor binding sites in the small LD block containing this SNP. Nonetheless, we
cannot discard the possibility that this variant may still play an important functional role. For
instance, a recent study showed that obesity-associated non-coding sequences within the FTO
gene are functionally connected, at megabase distances, with the homeobox gene IRX3 [41]. The
obesity-associated FTO region does not affect FTO expression, but actually interacts directly
with the promoters of IRX3 to affect IRX3 expression in the human brain [41]. Currently, we
have no evidence to support that rs7092615 plays such a role in the regulation of any obesityrelated gene. For this reason, the association in this study must be interpreted with caution.
We also observed an association with rs9961691 (C/G) in Asian subjects. rs9961691 is
unique among our top 4 SNP candidates because its minor allele appears to decrease BMI, while
the ancestral allele appears to increase it. The MAF of 20.3% for this variant in our Asian
population approximates what HapMap reports for its Chinese Han population (CHB;
MAF=17.9%). Regional association plots revealed a moderate association signal for variants
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flanking rs7092615 (Figure 5). Of these variants, the most strongly associated with BMI were
rs7231159 and rs9950004 (Table 5), which are in high LD (R2 > 0.9) with rs7092615. LD plots
for this region in the HapMap CHB population (data not shown) revealed a pattern of inheritance
that closely resembles the association pattern seen in Figure 5, providing strong supporting
evidence for our findings.
To our knowledge, this study is the first to report the association of rs9961691 with BMI.
The gene closest to rs9961691 is GATA6, which encodes a zinc finger transcription factor that is
involved in terminal differentiation and cell proliferation [42], and whose function has not been
directly linked to obesity. However, we hypothesize that rs9961691 may be a regulatory SNP, as
it lies in a PAX5 binding site. PAX5 is a paired box transcription factor that is a key player in
early development [43]. The PAX5 gene has been previously associated with BMI and total fat
mass in previous GWAS [44-46], and studies in the PAX5 knockout mouse have suggested an
important role for PAX5 in driving the phenotypic outcomes of diet-induced obesity, in terms of
adipose burden, skeletal quality, and the balance of the immune system [47]. Though the
association with rs9961691 in our study did not reach genome-wide significance, the biologically
relevant role of PAX5 in the pathogenesis of obesity warrants further investigation in this
genomic locus.
Our study detected a marginal association with the FTO obesity-associated variant
rs9939609 only in Caucasian subjects. Though not genome-wide significant, the rs9939609
association in our Caucasian population is consistent with prior evidence from over 15 GWAS
conducted in populations of European ancestry [12]. In our study, individuals with one copy of
the minor “A” allele were, on average, 0.279 BMI units heavier than those homozygous for the
ancestral “T” allele.
The positive relationship between rs9939609 and BMI was not generalizable to subjects
of other ethnic groups. In Asians, our data suggests that this SNP may have a reverse effect on
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BMI, though this effect was not statistically significant (Table 7). This finding adds to the set of
inconsistent findings reported in other Asian populations [12]; earlier GWAS in Asian
populations reported that FTO variants did not have a significant effect on obesity-related traits,
while at least two newer studies have yielded positive findings [48, 49].
We did not observe an effect of FTO on the BMI of either African Americans or
Hispanics. In African Americans, this is consistent with data from three previous GWAS [5052]. However, our null finding in Hispanics contradicts the evidence available from previous
candidate-gene studies of rs9939609 [10].
The conflicting results for Asians and Hispanics could be due to a number of reasons,
including differential adjustment for confounders, varying degrees of statistical power across
studies, and inherent differences in the study populations that may influence BMI and obesity
risk. Because the MAFs for rs9939609 in our four MESA ethnic groups approximate those
reported for Caucasian, Hispanic, Asian, and African American populations in the HapMap
project (Table 7), we have evidence to suggest that our MESA population is representative of
these ethnic populations. Therefore, we hypothesized that the null findings in Asians and
Hispanics, as well as the relatively weak association signal in Caucasian subjects, may be due to
low statistical power in our study. Ad hoc power calculations revealed that in Asians, a variant
like rs9939609 with a MAF of 12.9% needed to have an effect size of 1.60 kg/m2 to be detected
in our study with 80% power. In Hispanics, a variant with a MAF of 30.9% needed to have an
effect size of 1.40 kg/m2 to be detected in our study with 80% power. In Caucasians, a variant
with a MAF of 40.8% needed to have an effect size of 0.95 kg/m2 to be detected with 80%
power. Therefore, our study was underpowered to detect the effects of FTO rs9939609.
As observed for FTO, the associations detected between the top SNP candidate in each
ethnic group (Table 6) and BMI were ethnic-specific. To discard the possibility that these
findings were due to differences in LD patterns across ethnic groups, we examined the ± 500kb
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flanking regions of each of these SNPs across all four ethnic groups (data not shown). Regional
association plots confirmed that no variants in the vicinity of these top SNP candidates were
associated with BMI in other ethnic groups.
Our study is not the first to suggest the ethnic specificity of genetic associations with
obesity-related traits. For instance, variants in the intronic region of the SIM1 gene have been
strongly associated with BMI and obesity risk in Pima Indians, but not in a French European
population [53]. Similarly, a functional coding variant (W64R) in the ADRB3 gene was
associated with BMI in East Asian subjects but not in European subjects in a large meta-analysis
of 44,833 subjects [54]. The existence of ethnic-specific genetic associations with obesity
suggests that parts of a common obesity pathway may be activated differently across ethnic
groups.
Our study is one of the first multi-ethnic GWAS attempting to compare and contrast
findings across ethnic groups. Conducting ethnic-specific genome-wide scans allowed us to
identify four novel associations with BMI. Stratifying the MESA population by race/ethnicity,
however, also significantly limited our statistical power to detect variants with small effect sizes.
Low statistical power may explain why only one of the associations in our study reached
genome-wide significance, why we detected fewer and weaker associations in Asian subjects,
and why we were unable to replicate associations with previously identified candidate genes for
obesity such as MC4R and BDNF.
Besides low power, our study had other limitations. First, we acknowledge that BMI is
not the most precise measure of obesity [55]. Obesity indicates an excess of adipose tissue, not
an excess of body weight. Future analyses will include measures of waist-to-hip ratio, which has
been shown to more adequately represent excess body fat [56]. Second, the older age of the
MESA participants may have limited our ability to detect genetic associations with BMI. The
distillation of the genetic component of some complex traits is easier in children, where the
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relative environmental exposure time is far less [12]. It follows that studies focusing on FTO
obesity-associated variants have suggested that most of the effect of genetic variants on BMI
gain occurs during childhood, adolescence and young adulthood [57-59]. In ad hoc analyses for
FTO rs9939609, however, our study found that age did not act as an effect modifier of the
association between FTO and BMI in our Caucasian population. Nevertheless, it is possible that
some other existing associations with BMI were masked in our study population.
Notwithstanding these limitations, our study was able to identify four novel ethnicspecific associations with BMI: rs12253976 in locus 10p15.1, rs6866721 in locus 5q23.1,
rs7092615 in locus 10p11.23, and rs9961691 in locus 18q11.2. The average per-allele effects of
these variants were greater than those reported for all previously identified BMI-associated
variants, including those in the FTO gene, even after adjustment for various demographic and
environmental determinants of BMI. The validity and functional significance of these novel
associations needs further investigation. If replicated in larger multi-ethnic cohorts and metaanalyses, these top SNP candidates may be useful in improving current obesity-risk prediction
models and may even encourage the derivation of ethnic-specific risk models for use in
culturally tailored obesity interventions.
!
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Asians
(n=705) c,d
62.89 ± 10.40

Caucasians
(n=2416) c,d
62.54 ± 10.22
1256 (52.0)
1160 (48.0)
768 (31.8)
1648 (68.2)
117 (4.8)
1085 (44.9)
1214 (50.3)
1350 (55.9)
1066 (44.1)
5717.60 ± 5406.72
126 (5.2)
2290 (94.8)
853 (35.3)
1563 (64.7)
27.74 ± 5.07

African Americans
(n=1551) c,d
62.41 ± 10.11
830 (53.5)
721 (46.5)
741 (51.6)
695 (48.4)
189 (12.2)
841 (54.2)
521 (33.6)
852 (54.9)
699 (45.1)
6538.28 ± 6913.56
243 (15.7)
1308 (84.3)
674 (43.5)
877 (56.5)
30.13 ± 5.86

b

Salinas, Y.D. MPH Thesis 27/36

Table values are mean ± SD for continuous variables and n (column %) for categorical variables.
Characteristics included are covariates in at least one ethnic-specific linear regression model.
c
Sample size represents number of individuals that passed QC and have complete data for all ethnic-specific linear regression model covariates.
d
Percentages may not sum to 100% due to rounding and n’s may not sum to sample size due to missing values for variables not included as
covariates in ethnic-specific regression models.

a

Hispanics
(n=1257) c,d
61.70 ± 10.34

Age
Sex
Female
637 (50.7)
359 (50.9)
Male
620 (49.3)
346 (49.1)
Income
Low
921 (75.0)
471 (67.3)
High
307 (25.0)
229 (32.7)
Education
<12 yrs
597 (47.5)
178 (25.3)
12-15 yrs
537 (42.7)
257 (36.5)
> 16 yrs
123 (9.8)
270 (38.3)
Smoking
Ever
574 (45.7)
178 (25.3)
Never
683 (54.3)
527 (74.8)
Physical Activity (met-min/wk) 6024.52 ± 6156.59 3663.04 ± 3777.82
Diabetes
Yes
216 (17.2)
81 (11.5)
No
1041 (82.8)
624 (88.5)
Arthritis
Yes
431 (34.3)
177 (25.1)
No
826 (65.7)
528 (74.9)
Body Mass Index (kg/m2)
29.29 ± 5.10
24.03 ± 3.30

Characteristic b

Table 1. Description of MESA population by ethnicitya

-0.419 (0.266) 0.116 -0.013 (0.312) 0.9670
Reference
-Reference
--

0.225
--0.270
0.154
0.305
--0.054
0.363
0.032
<0.001
-<0.001
--

Reference
0.334 (0.303)
-0.720 (0.504)

0.296 (0.289)
Reference

Reference
-0.773 (0.402)
-0.368 (0.405)
-0.873 (0.407)

2.389 (0.375)
Reference

1.274 (0.301)
Reference

0.632 (0.286)
Reference

0.903 (0.389)
Reference

Reference
0.307 (0.349)
0.298 (0.354)
0.179 (0.353)

0.223 (0.286)
Reference

-0.395
0.306

0.028
--

0.021
--

1.656 (0.298)
Reference

1.535 (0.408)
Reference

-Reference
0.379 -0.032 (0.421)
0.400 -0.310 (0.423)
0.613 -0.209 (0.423)

<0.001
--

<0.001
--

-0.939
0.464
0.621

0.436 -0.641 (0.299) 0.0320
-Reference
--

Reference
-Reference
-0.417 (0.322) 0.195 0.401 (0.471)
0.117 (0.318) 0.713 -0.509 (0.497)

0.266
--

-0.193
0.001

0.001
--

<0.001
--

<0.001
--
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1.058 (0.215)
Reference

3.639 (0.458)
Reference

Reference
--1.083 (0.292) <0.001
-0.798 (0.291) 0.006
-0.952 (0.292) 0.001

-0.231 (0.208)
Reference

Reference
-0.640 (0.491)
-1.569 (0.489)

0.712 (0.221)
Reference

-0.036

0.410 (0.337)
Reference

Reference
0.432 (0.206)

Reference
0.200 (0.249)

Reference
--1.304 (0.285) <0.001

-Reference
-0.421 -2.577 (0.291) <0.001

Asians
African Americans
Caucasians
Beta (SE)
p
Beta (SE)
p
Beta (SE)
p
-0.019 (0.012) 0.113 -0.087 (0.015) <0.001 -0.036 (0.010) <0.001

Hispanics
Beta (SE)
p
-0.041 (0.014) 0.003

Abbreviation: SE=standard error

Characteristic
Age
Sex
Female
Male
Income
Low
High
Education
<12 yrs
12-15 yrs
> 16 yrs
Smoking
Ever
Never
Physical Activity
Quartile 1
Quartile 2
Quartile 3
Quartile 4
Diabetes
Yes
No
Arthritis
Yes
No

Table 2. Bivariate associations with BMI by ethnicity

Abbreviation: SE=standard error

Hispanics
Asians
Characteristic
Beta (SE)
p
Beta (SE)
Age
-0.074 (0.013) < 0.001 -0.028 (0.012)
Sex
Female
Reference
-Reference
Male
-1.437 (0.275) < 0.001 0.219 (0.248)
Income
Low
High
Education
0-11yrs of schooling
Reference
12-15yrs of schooling
-0.468 (0.312)
College graduates
0.197 (0.324)
Smoking
Ever
0.739 (0.273)
0.007
Never
Reference
-Physical Activity
Quartile 1
Quartile 2
Quartile 3
Quartile 4
Diabetes
Yes
2.579 (0.355) <0.001 0.855 (0.384)
No
Reference
-Reference
Arthritis
Yes
1.138 (0.290) <0.001 0.787 (0.293)
No
Reference
-Reference
<0.001
--

1.871 (0.383)
Reference
1.968 (0.292)
Reference

0.026
-0.008
--

<0.001
--

-0.658
0.066

-Reference
0.134 0.199 (0.449)
0.543 -0.870 (0.474)

-Reference
-0.377 -2.169 (0.280) < 0.001

0.041
--

-0.414 (0.203)
Reference

< 0.001
--

< 0.001
--
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1.327 (0.220)
Reference

3.340 (0.452)
Reference

Reference
--1.045 (0.283) < 0.001
-0.813 (0.282) 0.004
-1.397 (0.288) < 0.001

-0.324
0.002

0.003
--

0.713 (0.239)
Reference
Reference
-0.479 (0.486)
-1.545 (0.502)

-< 0.001

Reference
0.996 (0.211)

African Americans
Caucasians
p
Beta (SE)
p
Beta (SE)
p
0.020 -0.114 (0.014) < 0.001 -0.079 (0.011) < 0.001

Table 3. Final ethnic-specific multivariate linear regression models

a

SNPs with MAF < 0.01 include monomorphic SNPs

Individual QC summary
Individuals with available genotypic information
Individuals excluded due to low call rate (< 95%)
Related Individuals
Individuals excluded due to missing data for > 1 covariate in
ethnic-specific regression models
Individuals analyzed
SNP QC summary
SNPs genotyped
SNPs excluded due to low call rate (< 98%)
SNPs excluded due to significant deviation from HardyWeinberg equilibrium (p< 5.5 x 10-8)
SNPs excluded due to low MAF (< 0.01)a
SNPs analyzed
775
0
52
18
705
909,622
27,333
633
197,658
683,998

15
1,257
909,622
23,307
1,817
31,220
853,278

Asians

1,449
0
177

Hispanics

Table 4. Summary of Individual and SNP Quality Control Procedures

135,941
749,659

1,663

909,622
22,359

2,416

92

2,526
0
18

Caucasians
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17,182
871,948

1,651

909,622
18,841

1,551

29

1,611
0
31

African Americans

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
Risk Allele
G
C
T
G
T
G
T
T
A
G
G
C
T
G
C
C
C
C
G
A
C
A
T
T
T
G
C
G
C
A
T
A
G
T
C

Chr
6
8
8
10
10
10
10
17
20
20
20
20
20
3
18
2
2
2
2
2
6
10
10
2
2
5
5
5
5
5
5
5
6
6
11

Bp
20101418
82614447
145672815
3825732
6690432
28660149
114798892
54799958
7081039
7107995
7112725
7112922
7122578
10974494
17966386
19313837
19315168
19315301
240414673
240878904
132321497
30901089
30902186
118513303
118515382
78881387
116240680
116250736
116250866
116252052
173056118
173057108
78107510
84920682
17715163

Hispanics
beta
pb
3.518 4.44x10-06
1.086 4.96x10-06
-0.910 5.43x10-06
5.542 6.88x10-09
-1.028 3.52x10-06
0.924 4.32x10-06
-1.117 2.25x10-06
3.759 3.86x10-06
-0.915 3.62x10-06
-0.951 1.41x10-06
-0.916 2.84x10-06
-0.937 1.84x10-06
-0.934 1.73x10-06
0.081
0.813
0.147
0.506
0.237
0.389
0.263
0.338
0.219
0.429
-0.157
0.764
0.089
0.651
0.121
0.772
-0.025
0.934
-0.023
0.940
-0.186
0.522
-0.109
0.721
0.046
0.823
-0.013
0.948
0.036
0.855
-0.032
0.869
0.060
0.765
-0.022
0.913
0.036
0.858
0.014
0.943
-0.427
0.257
0.156
0.516

Asians
beta
pb
monomorphic monomorphic
-0.422
0.041
0.060
0.738
monomorphic monomorphic
0.129
0.511
-0.348
0.216
n/ac
n/ac
monomorphic monomorphic
0.543
0.009
0.323
0.110
0.301
0.130
0.300
0.131
0.301
0.130
1.779
4.63x10-06
-0.994
1.53x10-06
-0.468
0.236
-0.468
0.236
-0.468
0.236
-0.188
0.615
0.092
0.602
monomorphic monomorphic
-0.025
0.902
-0.012
0.952
-0.635
0.106
-0.636
0.108
-0.023
0.895
-0.101
0.585
-0.197
0.340
-0.192
0.352
-0.257
0.136
0.051
0.805
0.056
0.785
0.210
0.259
0.004
0.991
0.301
0.200

Caucasians
beta
pb
c
n/a
n/ac
-0.115
0.509
-0.074
0.599
n/ac
n/ac
-0.070
0.701
-0.112
0.433
-0.218
0.159
n/ac
n/ac
0.226
0.131
0.214
0.151
0.233
0.118
0.230
0.123
0.215
0.151
-0.048
0.842
0.027
0.896
-0.177
0.283
-0.179
0.276
-0.178
0.278
0.303
0.281
0.057
0.694
0.014
0.948
0.239
0.288
0.205
0.359
1.112 1.87x10-06
1.080 3.60x10-06
-0.692 2.14x10-06
0.764 9.23x10-08
0.696 2.07x10-06
0.702 1.69x10-06
0.713 5.55x10-07
-0.665 1.76x10-06
-0.667 1.51x10-06
0.707 4.65x10-06
-1.056 2.56x10-06
-0.766 2.35x10-06
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African Americans
beta
pb
0.139
0.696
-0.457
0.034
0.140
0.505
-0.322
0.419
-0.440
0.164
-0.054
0.798
-0.594
0.008
0.221
0.582
0.122
0.559
0.213
0.318
0.261
0.232
0.285
0.193
0.216
0.315
0.417
0.098
-0.181
0.436
-0.984 2.78x10-06
-1.004 1.43x10-06
-0.968 4.15x10-06
3.470
5.01x10-06
-0.933 3.81x10-06
2.920
3.05x10-06
1.059
2.92x10-07
1.077
2.26x10-07
-0.351
0.449
-0.508
0.283
0.293
0.276
-0.122
0.558
0.358
0.076
0.358
0.076
0.116
0.633
-0.368
0.110
-0.349
0.129
-0.017
0.938
-0.075
0.906
-0.477
0.018

Abbreviations: Chr = Chromosome; Bp = base pair; SE = standard error
a
Shaded values indicate the top SNPs within each ethnic group; p-value in bold indicates genome-wide significant result
b
p-values adjusted for top two principal components and all covariates in ethnic-specific linear regression models (see Table 4)
c
n/a indicates SNP had a MAF < 1% in that particular ethnic group

Caucasians

African
Americans

Asians

Hispanics

SNP
rs16883086
rs16909322
rs1480000
rs12253976
rs1409874
rs1249269
rs12255372
rs16943469
rs6038725
rs179747
rs6085916
rs2326897
rs13036410
rs4610207
rs9961691
rs11884662
rs7602754
rs10170855
rs4852003
rs6739663
rs7763896
rs1567101
rs7092615
rs17526301
rs7585972
rs6899277
rs6866721
rs1672492
rs1672491
rs7704264
rs4868301
rs4868303
rs9359264
rs2497155
rs7926805

Table 5. Top SNPs (p< 5.5x10-6) across the four MESA ethnic groupsa

SNP
rs12253976
rs9961691
rs7092615
rs6866721

+ PC 1 and 2
Beta (95% CI)
p
5.688 (3.763, 7.614)
8.92x10-09
-0.931 (-1.335 -0.526) 7.78x10-06
0.947 (0.518, 1.375) 1.60x10-05
0.747 (0.458, 1.037)
4.53x10-07

p
0.078
0.053
0.067
0.057

Hispanics
Beta (95% CI)
0.102 (-0.317, 0.520)
0.191 (-0.237, 0.619)
0.257 (-0.167, 0.681)
0.233 (-0.180, 0.647)
0.3096
0.228 (MEX)
p
0.635
0.381
0.234
0.269

Asians
Beta (95% CI)
-0.347 (-0.862, 0.168)
-0.407 (-0.923, 0.108)
-0.406 (-0.921, 0.110)
-0.389 (-0.903, 0.125)
0.1286
0.15 (CHB)
p
0.187
0.122
0.123
0.138

Full modela
Beta (95% CI)
5.542 (3.680, 7.404)
-0.994 (-1.396, -0.592)
1.077 (0.671, 1.483)
0.764 (0.484, 1.043)

African Americans
Beta (95% CI)
p
0.133 (-0.288, 0.553) 0.537
0.127 (-0.294, 0.547) 0.556
0.073 (-0.333, 0.480) 0.724
0.114 (-0.285, 0.512) 0.577
0.4791
0.50 (ASW)

+ Age and sex
Beta (95% CI)
p
5.423 (3.512, 7.335)
3.28x10-08
-0.934 (-1.339, -0.528) 7.44x10-06
1.059 (0.645, 1.473)
5.91x10-07
0.751 (0.463, 1.040)
3.65x10-07

p
6.88x10-09
1.53x10-06
2.26x10-07
9.23x10-08
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Abbreviations: PC = principal components; CI=confidence interval; ASW = African ancestry in Southwest USA population; CEU = Utah residents with Northern
and Western European ancestry from the CEPH collection; CHB = Han Chinese in Beijing, China; and MEX = Mexican ancestry in Los Angeles, California
a
Full model includes: PC 1 and 2, age, sex, and ethnic-specific model covariates (see Table 4)

Unadjusted model
+ PC 1 and 2
+ age and sex
Full Modela
MESA MAF
HAPMAP MAF

Caucasians
Beta (95% CI)
0.2658 (-0.030, 0.562)
0.2933 (-0.003, 0.590)
0.2766 (-0.019, 0.572)
0.279 (-0.008, 0.566)
0.4084
0.46 (CEU)

Table 7. Associations with FTO rs9939609 across the four MESA ethnic groups

Abbreviations: PC = principal components; CI= Confidence Interval
a
Full model includes: PC 1 and 2, age, sex, and ethnic-specific model covariates (see Table 4)

Ethnicity
Hispanics
Asians
African Americans
Caucasians

Unadjusted model
Beta (95% CI)
p
5.536 (3.650, 7.421)
1.09x10-08
-0.935 (-1.341, -0.530) 7.17x10-06
0.979 (0.556, 1.401)
6.11x10-06
0.707 (0.418, 0.997)
1.71x10-06

Table 6. Top SNP candidates in each ethnic group

rs7092615

rs6866721

African Americans

Caucasians

BMI values are mean ± SD

rs9961691

Asians

a

SNP
rs12253976

Race/Ethnicity
Hispanics

C

T

C

0.437

0.375

0.203

Risk Allele MAF
G
0.011

Genotype Counts
GG
0
GT
28
TT
1229
CC
39
CG
208
GG
458
TT
220
TC
716
CC
606
CC
450
CA
1206
AA
756

BMIa
-34.70 ± 7.59
29.16 ± 4.96
23.24 ± 2.76
23.21 ± 2.95
24.47 ± 3.42
30.96 ± 5.89
30.61 ± 5.98
29.25 ± 5.60
28.69 ± 5.38
27.70 ± 5.14
27.21 ± 4.65

Table 8. Average BMI by Genotype for the top SNP in each ethnic group
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Figure 1. Quantile-Quantile p-value plots, pre- and post- adjustment for population stratification

a
b

p-values adjusted only for ethnic-specific model covariates
p-values adjusted for ethnic-specific model covariates and for top two principal components
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Figure 2. Regional association plot for top SNP rs12253976 in Hispanic subjects
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Figure 3. Regional association plot for top SNP rs6866721 in Caucasian subjects
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Figure 4. Regional Association plot for top SNP rs7092615 in African American subjects
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Figure 5. Regional Association plot for top SNP rs9961691 in Asian subjects
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